1. Introduction
===============

Aphasia comprises a combination of a speech and language disorders caused by damage to the brain. Approximately 21% to 38% of acute stroke patients suffer from aphasia, which is typically associated with high mortality, significant motor impairment, and severe limitations in social participation.^\[[@R1],[@R2]\]^ The traditional speech and language therapy (SLT) for aphasia is predominately based on compensatory strategies or training for lost functions.^\[[@R3]\]^ Repetitive transcranial magnetic stimulation (rTMS) represents a relatively safe, effective, and noninvasive brain stimulation technique, and it has been applied to promote poststroke aphasia recovery in many research studies.^\[[@R2],[@R4]\]^ These studies have typically suppressed right hemisphere (RH) activity with low-frequency rTMS or excited the perilesional areas of the left hemisphere (LH) with high-frequency rTMS, and they showed that rTMS had a strong effect.^\[[@R2]--[@R7]\]^ TMS can modulate synaptic plasticity that can last for days or even weeks and months.^\[[@R8]\]^ Researchers have shown that rTMS has a long-term efficacy,^\[[@R9],[@R10]\]^ and rTMS together with SLT, they can consolidate the efficacy.^\[[@R11]\]^ In this study, we hypothesized that rTMS combined with rehabilitation training would be more beneficial for the functional recovery of language in aphasic patients.^\[[@R12],[@R13]\]^ However, the neural mechanisms of the functional recovery of language post-TMS combined with rehabilitation training in aphasia remain elusive.

Aphasic patients exhibited atypical activation patterns and altered activity in the intact homotopic language areas in the nondominant RH.^\[[@R14]--[@R16]\]^ Previous studies suggest that the RH activity may be transient and partially compensatory in subacute aphasic patients, and the recruitment of RH language homologues may be beneficial for early but not late language recovery.^\[[@R15],[@R17]\]^ Thus, studies have suppressed RH activity with low-frequency rTMS, whereas other studies have excited the perilesional areas of the LH with high-frequency rTMS to enhance language performance in chronic aphasic patients; previous reports indicate that rTMS may improve the speech-language ability of aphasic patients.^\[[@R2]--[@R7]\]^ Moreover, the importance of right hemispheric homologues in the recovery process remains unclear. Thus, the patient in our study underwent LH activity excitement via high-frequency rTMS. In most cases, behavior scales, such as the Western Aphasia Battery (WAB), have been used to evaluate the curative effect of rTMS.^\[[@R2]\]^ However, the neural mechanisms of language recovery following rTMS treatment are not clear. To date, functional magnetic resonance imaging (fMRI) and diffusion tensor imaging (DTI) have been used to increase our understanding of poststroke brain reorganization of language recovery.^\[[@R14]--[@R18]\]^ In this case report, a 39-year-old woman with poststroke conduction aphasia received rTMS and speech rehabilitation training. The patient had received SLT 1 month after stroke, and her speech-language ability improved substantially in the first 2 months after SLT. However, she had no obvious change in speech-language ability during the 3rd and 4th months after SLT. At the end of the 4th month after SLT, the patient received rTMS treatment while continuing the SLT, and her language skills were further enhanced. In this study, fMRI and DTI were used to investigate the functional and microstructural changes before and after the rTMS treatment.

2. Case report
==============

2.1. Participant
----------------

A 39-year-old, right-handed, Chinese woman with acute cerebral infarction in the left middle cerebral artery (see Supplemental Digital Content 1) presented to our rehabilitation clinic 1 month poststroke and was diagnosed with conduction aphasia. The patient had received speech training 1 month after stroke, her speech-language ability improved a lot in the first 2 months after SLT. However, she had no significant change in speech-language ability during 3rd and 4th months after SLT.

At the end of 4th month after SLT, the patient received rTMS treatment while continuing the SLT in our rehabilitation clinic. Before rTMS treatment, the Aphasia Quotient on the WAB-Revised was 83.2/100 (Table [1](#T1){ref-type="table"}), and her performance was poor on speech-language tasks. Post-treatment, we used the Reliable Change Index (RCI) to assess whether there is a statistically meaningful change for the patient\'s score, the RCI defined as (X~2~ − X~1~)/SE~diff~, where X~2~ is the post-treatment score, X~1~ is the pretreatment score, and SE~diff~ is the standard error of the difference between the 2 scores, and if RCI larger than 1.96 that would be a reliable change.^\[[@R19],[@R20]\]^

###### 

Pre- and post-rTMS test scores of Western Aphasia Battery.
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The experiments were conducted in accordance with the Declaration of Helsinki and the patient provided written informed consent on forms approved by the East China Normal University Committee on Human Research and the Independent Ethics Committee of Huashan Hospital.

2.2. rTMS stimulation
---------------------

A 90-mm round coil stimulator (Yiruide CCY-II, Wuhan, China) was used to stimulate the left Broca area with 90% of the motor threshold, using a frequency of 5 Hz, 20 min/d, for 10 days during a 2-week period. The rTMS treatment program was similar to that described by most studies summarized in a review article.^\[[@R2]\]^ The left Broca area was defined in the frontotemporal region as the crossing point between T3-Fz and F7-Cz according to the international 10 to 20 system.^\[[@R21]\]^

2.3. Speech and language therapy
--------------------------------

Each rTMS session was immediately followed by SLT. In our rehabilitation clinic, the patient was administered SLT for 30 min/d and 5 times per week, and it was conducted one on one by a speech therapist. The SLT program was formulated based on her aphasic severity, which was evaluated after stroke and included free talk, corrections of mistakes in pronunciation, and the phonetic annotation of Chinese characters.

2.4. fMRI block design paradigm
-------------------------------

Two speech-language tasks were performed before 1 week and after 2.5 months of rTMS treatment during the fMRI (Fig. [1](#F1){ref-type="fig"}).

![Schematic diagram of the speech-language tasks.](medi-96-e7399-g002){#F1}

Phrase repetition task: The task consisted of 30 phrases, which were selected from the Western Aphasia Battery or Boston Diagnostic Aphasia Examination. In the task, the subject was asked to close her eyes naturally, listen carefully, and subsequently repeat the phrases. The paradigm consists of a 20-s rest epoch to direct attention to the task, followed by 5 blocks of each condition, which were presented in an alternating order. For the experimental condition, 6 phrases were presented pseudo-randomly in each block, and each phrase lasted 5 s. For the control condition, each block comprised a 20-s rest fixation.

Picture naming task:^\[[@R22]\]^ The task consisted of 54 pictures, which were selected from the S&V database of black and white line drawings.^\[[@R23]\]^ The paradigm consists of a 20-s rest epoch, following which 9 blocks of each condition were presented in an alternating order. For the experimental condition, 6 pictures were presented pseudo-randomly in each block, and each picture was presented for 4 s following by a 1-s black fixation crosshair. For the control condition, each block comprised a 20-s black fixation crosshair.

Prior to entering the scanner, the case was trained regarding the tasks (not shown during scanning). Verbal responses were recorded with a magnetic resonance imaging (MRI) compatible microphone to check the responses of the case during scanning. All stimuli were presented with the SAMRTEC SA-9900 (Shenzhen Sinorad Medical Electronics Inc., China), which determined the synchronization between the presentation and the scanner.

2.5. fMRI and DTI image acquisition
-----------------------------------

The functional and structural MRI data were acquired using a 3.0-Tesla Trio Tim system (Siemens, German). Functional MRIs were collected on 33 oblique slices (3.5 mm thick, 25% dist factor) using a ![](medi-96-e7399-i001.jpg)-weighted gradient echo pulse sequence, with the following acquisition parameters: repetition time (TR) = 2000 ms, echo time (TE) = 30 ms, flip angle = 90°, field of view (FOV) = 220 × 220 mm^2^, and acquisition matrix = 64 × 64. The DTI acquisition used a single-shot spin-echo echo planar imaging sequence in contiguous axial planes that covered the whole brain. The imaging parameters were set to the following values: TR = 8900 ms, TE = 86 ms, b-value = 0 and 1000 s/mm^2^, slice thickness = 2 mm, 70 slices, matrix = 128 × 128, FOV = 256 × 256 mm^2^, diff direction = 64, and the resolution = 2 × 2 × 2 mm^3^.

2.6. fMRI and DTI image analysis
--------------------------------

Functional images were analyzed with statistical parametric mapping software (SPM8; <http://www.fil.ion.ucl.ac.uk./spm/spm8.html>) and MATLAB (The Math Works, Natick, MA) software on a personal computer. Images from the first 10 TRs at the beginning of each trial were discarded to enable the signal to achieve steady-state equilibrium. Images preprocessing included slice-timing correction, realignment of functional data to the subject\'s middle image, and coregistration of functional and structural images. The sessions were normalized to the Montreal Neurological Institute (MNI) stereotaxic space. Spatial smoothing was performed on the functional images using a Gaussian filter (6-mm full width half-maximum). The subject exhibited head movement \<0.5 mm, regardless of rotation, and translation. In the first-level analysis, a block statistical model was constructed using a general linear model with SPM8, and 2 conditions were modeled for each task. We constructed a contrast between the experimental condition and control condition for the subject to evaluate the degree of brain activation specific for the speech-language tasks.

FSL v5.0 (<http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/>) and SPM8 were used to conduct the DTI data analysis. First, the DTI images were preprocessed for the correction of eddy current distortions and head motion artifacts. Fractional anisotropy (FA), radial diffusivity (RD), and axial diffusivity (AD) maps were subsequently created in the individual space and were coregistered between the pre- and post-treatment sessions for voxel-based comparison. Finally, we calculated the mean values of these indices within 2 types of regions of interest (ROIs): the ROIs extracted from the post-treatment activation map in the tasks, which were warped to the individual space from the MNI space by applying the inverse spatial transformation in the fMRI data analysis; and the regions that exhibited apparent differences in the voxel-based FA map comparison. For location of ROIs, please see Supplemental Digital Content 2.

3. Results
==========

3.1. Behavioral results
-----------------------

Table [1](#T1){ref-type="table"} provides the details regarding the Western Aphasia Battery test scores. There were almost no changes during long-term pre-rTMS, and the language function was relatively stable. However, when rTMS was applied and SLT was continued, the language ability significantly improved at 2 weeks post-TMS, and the gains were steadily increased at 2.5 months post-rTMS compared with pre-rTMS. The WAB administered at 2.5 months post-treatment indicated significant improvements in spontaneous speech, auditory comprehension, repetition, and naming compared with pre-rTMS. Specifically, there were 9.2-point significant improvements in the Aphasia Quotient (RCI = 6.84) and 3-point significant improvements in repetition (RCI = 2.60).

3.2. Functional MRI and DTI results
-----------------------------------

Table [2](#T2){ref-type="table"} and Fig. [2](#F2){ref-type="fig"} provide details regarding the activity associated with the experimental condition versus the control condition for the phrase repetition task and the picture naming task before and after treatment.

###### 

Number of activated voxels associated with the experimental condition \> control condition for the phrase repetition task and the picture naming task before and after treatment.
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![Brain activation images associated with the experimental condition versus control condition for the Phrase repetition task (FDR corrected *P* \< .01) and the Picture naming task (FDR corrected *P* \< .001) 1 week pretreatment and 2.5 months post-treatment. At 2.5 months post-treatment, the fMRI results exhibited significant activation in the LH language areas relative to the RH, especially in the perilesional areas such as the inferior frontal gyrus (as in yellow circle 2), precentral gyrus (as in yellow circle 3), middle temporal gyrus extended to superior temporal gyrus (as in yellow circle 1), and inferior parietal lobule (as in yellow circle 4) and so on. fMRI = functional magnetic resonance imaging, LH = left hemisphere, RH = right hemisphere.](medi-96-e7399-g004){#F2}

There was no obvious change (\<5%) in the FA in the bilateral frontal and temporal areas, which were activated during both fMRI tasks before and after treatment. The FA increased by 34.9% in the left anterior superior temporal gyrus and by 14.2% in the left posterior superior temporal gyrus post-treatment compared with pretreatment (Table [3](#T3){ref-type="table"} and Supplemental Digital Content 2); these 2 regions comprise important areas involved in language processing.^\[[@R24]\]^

###### 

Location and changes post- \> pretreatment in fractional anisotropy in language-related brain regions.
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4. Discussion
=============

Conduction aphasia is a relatively rare form of aphasia that is characterized by intact auditory comprehension, relatively fluent spontaneous speech, and poor speech repetition.^\[[@R25],[@R26]\]^ In this case study, the patient had no significant change in speech-language ability in the 2 months before rTMS treatment. When rTMS was applied and SLT was continued, the language ability significantly improved at 2 weeks post-TMS, and the gains were steadily increased at 2.5 months post-TMS compared with pre-TMS. The significant and reliable changes in language function, we thought that rTMS played a important role.^\[[@R2]--[@R7]\]^ In addition, we could see the long-term efficacy at 2.5 months post-TMS.^\[[@R9],[@R10]\]^ Furthermore, SLT was a constant condition, which would consolidate the changes.^\[[@R11]\]^ Moreover, the patient was more willing to communicate with other individuals.

rTMS modulates neural activity, which promotes changes and potential reorganization of the language networks, to improve behavior in poststroke aphasic patients.^\[[@R27]\]^ Low-frequency rTMS may be used to suppress the disinhibition in the RH, which promotes the recruitment of the LH, and to improve the modulation of regions in each hemisphere.^\[[@R5]--[@R7]\]^ Similarly, high-frequency rTMS excites the LH, which suggests that recruitment of the LH and a reduction in the inefficient recruitment of the RH may promote improved language functions.^\[[@R3],[@R15],[@R18]\]^

Our fMRI results indicated a loose and extensive activation pattern before treatment and a more focused activation pattern following rTMS and speech rehabilitation training during 2 language tasks. Furthermore, the patient exhibited significant activation pretreatment in the RH language areas, such as the inferior frontal gyrus, precentral gyrus, middle frontal gyrus, and superior temporal gyrus, compared with the LH. At 2.5 months post-treatment, the patient exhibited significant activation in a network of the LH language areas, especially the perilesional areas, such as the inferior frontal gyrus, precentral gyrus, postcentral gyrus, middle frontal gyrus, middle temporal gyrus, and inferior parietal lobule, compared with the RH. The results of the 2 speech-language tasks are consistent following rTMS and speech rehabilitation training.

We also determined that the FA increases the left superior temporal gyrus, which comprises an important area involved in language processing.^\[[@R24]\]^ The increase in the FA combined with the respective changes in RD and AD suggests potential increases in the degree of myelination,^\[[@R28]\]^ and thicker myelin may improve neuronal signal transduction. In our case, the rTMS adjusted the cortical excitability to induce or enhance neuroplasticity changes in brain activity,^\[[@R8]\]^ and speech rehabilitation training consolidated and strengthened these changes.

5. Conclusion
=============

This study demonstrated that rTMS combined with speech training improved the speech-language ability in a chronic conduction aphasia patient. The treatment induced language activation pattern changes and increased white matter integrity, which may reflect the recruitment of the LH and a reduction in inefficient recruitment of other brain regions through the functional reorganization and synaptic plasticity changes that were mediated by excitatory rTMS and speech training.

Supplementary Material
======================

###### Supplemental Digital Content

Abbreviations: AD = axial diffusivity, AQ = Aphasia Quotient, DTI = diffusion tensor imaging, FA = fractional anisotropy, FDR= false discovery rate, fMRI = functional magnetic resonance imaging, FOV = field of view, LH = left hemisphere, MNI = Montreal Neurological Institute, MRI = magnetic resonance imaging, RCI = Reliable Change Index, RD = radial diffusivity, RH = right hemisphere, ROIs = regions of interest, rTMS = repetitive transcranial magnetic stimulation, SLT = speech and language therapy, TE = echo time, TR = repetition time, WAB = Western Aphasia Battery.
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